We present a comparison of the effect of real space transfer on the electron drift velocities in both classical heterostructure systems, those in which spatial quantization effects do not occur, and in two-dimensional heterostructure systems using an ensemble Monte Carlo simulation. The calculations for the two-dimensional system are based on a first principles formulation of electron transport in a triangular quantum well system using an ensemble Monte Carlo code tailored to include the basic physics of twodimensional systems. In addition, we present an analysis, again based on a complete ensemble Monte Carlo simulation, of real space transfer from classical systems, ones in which no two-dimensional gas is formed at the heterointerface. Electron drift velocities within the classical system greater than that possible in the constitutive bulk materials are thwarted by either real space transfer out of the high mobility material into the adjacent 1 low mobility material or k-space transfer within the narrow gap material itself. In contrast, higher electron drift velocities than that achievable in the bulk occur in a system in which two-dimensional effects are present. In this case, when the electrons are confined within the two-dimensional gas, their corresponding drift velocities are somewhat larger than within the bulk three-dimensional system. We conclude that in electronic devices in which the electric field is applied parallel to the heterostructure layers, that the highest electron velocities are achieved for transport within the twodimensional gas. In structures in which either a two-dimensional system is not present or the carriers all reside outside of the quantized states, the electron drift velocity is always less than the corresponding velocity in the bulk material due to the combined actions of real space and k-space transfer.
1.

Introduction
The high electron mobility transistor (HEMT) [ 
Model Description and Calibration
The calculations presented herein are based on an ensemble Monte Carlo model using analytically derived band structures for both constituent materials in the heterostructure system. All of the principle scattering mechanisms involving electron-phonon interactions and impurity scattering are included in the analysis. The electron drift velocities are calculated based on both the gradient of the E of k relation, as well as on power balance; in steady state, the energy gain from the field must equal that lost to the phonons. The simulation is performed under constant field conditions and steady state convergence is readily obtained when the energy gain from the field is balanced by that lost to the phonons. The GaInAs material parameters used in the calculations are obtained from interpolating over the binary system parameters given by Adachi [7] . The GaAs and AlGaAs parameters are from a recent work [8] . The interface boundary condition is treated using a strictly classical model; electrons incident onto the interface from within the narrow gap semiconductor layer whose energies are less than the potential discontinuity are specularly reflected. Similarly, electrons whose energies exceed the potential barrier height are assumed to have a 100% transmission probability from one layer into the next. No reflections arising strictly from quantum mechanical effects are considered. Of course, there is a finite probability that the electrons will be reflected at this interface each time they approach it. Nevertheless, the effect of reflections has been neglected here for simplicity.
As a built-in control on our calculations, we first determine the electron drift velocity in bulk Ga 0.47 1n0. we define as the band bending, it is considered to be within the twodimensional system. Once within the triangular quantum well, the electron's motion is subject to the physics of the two-dimensional system; the y direction is quantized, the scattering mechanisms are described using a two-dimensional formulation, and the energy depends upon which subband the electron enters.
For simplicity, we include only two subbands in the quantum well whose energies are calculated using the results of Stern and Das Sarma [13] . Since the intervalley separation energies for the L and X minima exceed the well depth, the subbands are assumed to form only in the gamma minimum and the L and X valleys are treated as three-dimensional states. The electron's energy when it lies within the two-dimensional gas is simply given then as,
where E i is the subband energy and the quantization is taken to be in the y direction. Therefore, the electron k-vector has components only in the x and z directions, and its motion can only change in these directions in accordance with the action of the applied electric field.
Within the two-dimensional system, the electron's motion is subject to The actual simulation of the electron while within the two-dimensional quantum well is similar to that in the bulk except that only the k x and k x components change in accordance with the applied electric field and that the energy is found using Eq. (1).
Classical Real Space Transfer Calculations
We first present calculations of the lateral electron drift velocity in a simple A1GaAs/InGaAs/AlCaAs layered structure in order to study real space transfer in the absence of quantum confinement effects. The structure, as shown in Figure 1 prior to k-space transfer in the In0.15Ga 0.85As. This is not too surprising since the conduction band edge discontinuity is assumed to be 0.27 eV [6] while the r-L valley separation in the InGaAs is 0.368 eV.
From inspection of Figure 5 , we conclude that for the device geometry The GaAs/AlGaAs real space transfer calculations can be compared to previous Monte Carlo studies [21] . The previous studies did not include the L valley in the AIGaAs nor the X valleys in either material system as is done here. Therefore, the previous work does not include the effects of k-space transfer in the surrounding AlCaAs layers. Nevertheless, reasonable agreement is obtained between the results presented here and those of Glisson et al. [21] . Comparing our calculations for a 32% Al composition real space transfer device (which has a heterostructure potential edge discontinuity of ^0.24 eV)
to those made by Glisson et al. [21] for a system in which the potential discontinuity is 0.20 eV, both the peak drift velocity and the onset of the negative differential resistance agree reasonably well. We found that the peak drift velocity is roughly 1.7 x 10 7 cm/sec while Glisson determined it to be N1.6 x 10 7 cm/sec. The threshold field, 2.4 kV/cm, found by Glisson et al. [21] , is somewhat lower than that found here, 3.25 kV/cm, but this is most likely due to the different potential discontinuities chosen between the two studies.
Finally, it is interesting to compare the peak electron drift velocities in the real space transfer devices of Figures 6 and 7. Notice that the peak drift velocity is much larger in the 45% Al composition device than in the 32% Al composition sample. The threshold field for negative differential resistance is also slightly higher within the 45% composition than within the 32% composition. These results are consistent with recent calculations obtained in bulk material [8] in which it was determined that both the peak steady calculations presented here and in References 22 and 23, is that when the electrons are confined within the r valley, the peak steady state drift velocity increases.
Calculations in Tvo-Dimensional Heterostructure Systems
The electron drift velocity as a function of applied electric field at 300 K in a heterostructure in which two-dimensional quantum confinement effects are present is plotted in Figure 10 . The calculations are performed using the treatment of the two-dimensional effects described in Section 2 above. Therefore, the calculations detail the additional effect of the presence of the two-dimensional triangular well on the electron drift velocity. It is important to note that the calculated electron drift velocity exceeds that of the bulk In0 . 15Ga 0. 85As at low electric fields, < 1.0 kV/cm.
Inspection of Figure 10 also indicates that the electron mobility is greater in the heterostructure system at low applied fields than within the bulk system. At all higher fields investigated thereafter, the electron drift velocity in the heterostructure lies below that attainable in bulk
In 0.15Ga 0.85As.
The high electron drift velocity at low applied longitudinal electric fields is due to transport within the two-dimensional system as is readily seen from Figure 11 . The electrons virtually all transfer out of the twodimensional system at field strengths above 1 kV/cm after which the transport is dominated by three-dimensional effects. The electrons remain predominantly within the InGaAs and experience k-space transfer at higher electric fields consistent with that found above in the classical case.
Notice that the effects of real space transfer are less important in this structure than in the classical structure. This is most probably due to the choice of geometries in the two devices.
In the structure containing twodimensional effects, the InGaAs is bordered only on one side by A1GaAs (which is the typical device geometry used in pseudomorphic HEMTs), while in the classical calculations the InGaAs layer is bordered on both sides by A1GaAs.
The two-dimensional calculations of the electron drift velocity shown in 
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